Several triphosphates of 5-substituted deoxyuridine (dU), such as 5-ethyl-, 5-npropyl-, 5-n-hexyl-and 5-isopropyldeoxyuridine triphosphates and 5-trifluorothymidine triphosphate are substrates for HeLa cell DNA polymerase /~ (2'-deoxynucleoside-5'-triphosphate : DNA-deoxynucleotidyltransferase, EC 2.7.7.7) and for a DNA polymerase isolated from HeLa cells infected with herpes simplex virus type 2 (HSV-2) strain 75. At the concentration tested (50 ~i), all these analogues were incorporated more readily into DNA by the virus-coded enzyme than by DNA polymerase/~ from the host cell. The DNA polymerase coded by HSV-2 showed an affinity for deoxythymidine triphosphate (dTTP) and the analogues studied higher than that of DNA polymerase/~. Analogues are preferential substrates for the viral enzyme, since they readily substitute for dTTP during synthesis in vitro. In contrast, arabinosylthymine-5'-triphosphate was readily incorporated into DNA by the host cell DNA polymerase/~, but inhibited the DNA polymerase specified by HSV-2.
INTRODUCTION
A number of thymidine analogues have been used in the treatment of herpes simplex virus (HSV) infections (Kaufman et al., 1962; Kaufman & Heidelberger, 1964; Gauri & MaMmy, 1967; Schabel, 1968; Gauri & Walter, 1973; Prusoff& Ward, 1976; Elion et al., 1977; Gentry et al., 1979) . Some nucleoside analogues are efficiently phosphorylated by cellular kinases and are incorporated into the DNA of proliferating cells. They can induce cytotoxic and mutagenic changes in uninfected cells Cheng et al., 1975 Cheng et al., , 1979 Kit, 1976; Prusoff & Ward, 1976; Elion et al., 1977; Gentry et al., 1979) . Other analogues with no or relatively low cytotoxicity show specific antiviral activity due to their selective or increased utilization by HSV-infected cells. HSV-induced deoxypyrimidine kinase (ATP : thymidine 5'-phosphotransferase, EC 2.7.1.21) phosphorylates these analogues much more efficiently than do the corresponding cellular enzymes (Gauri & Walter, 1973 ; Cheng, 1976; Lee & Cheng, 1976; Kit, 1976; Elion et al., 1977; Cheng et al., 1979; Gentry et al., 1979) , resulting in a higher intracellular concentration of the phosphorylated analogues in infected cells. Additionally, herpesviruses code for their own DNA polymerases, which markedly differ from those of the host cells in their pH and salt concentration optima, as well as in their affinity for substrate analogues and inhibitors Keir et al., 1966; Weissbach et al., 1971 Weissbach et al., , 1973 Spadari et al., 1974; Elion et al., 1977; Powell & Purifoy, 1977; Helgestrand et al., 1978; Koch et al., 1981) .
Nucleoside analogues whose corresponding triphosphates are better substrates or inhibitors for the virus-specified DNA polymerase than for the nuclear DNA polymerases ~ and/~ of the host cell should be useful in the development of highly specific antiviral compounds. Several 5-alkylated analogues of thymidylate are readily incorporated into DNA by DNA polymerases 0022-1317/84/0000-5894 $02.00© 1984 SGM specified by different strains of HSV-1, and to a much lower extent by DNA polymerase c~ from HeLa ceils and by DNA polymerases c~ and fl from calf thymus Kowalzick et al., 1982; Sfigi et al., 1980) . We report here on the differential incorporation of several dTTP analogues into DNA by a purified DNA polymerase isolated from HeLa cells infected with HSV-2 strain 75 and by the purified DNA polymerase fl of the host cell.
METHODS
Abbreviations. Ara-TTP, arabinosylthymine-Y-triphosphate; BSA, bovine serum albumin; DTT, dithiothreitol; EtdUTP, 5-ethyl-2'-deoxyuridine-5'-triphosphate; F3-dTTP, 5-trifluorothymidine-5'-triphosphate; nHxdUTP, 5-n-hexyl-2'-deoxyuridine-5'-triphosphate; iso-PrdUTP, 5-isopropyl-2'-deoxyuridine-5'-triphosphate; n-PrdUTP, 5-n-propyl-2'-deoxyuridine-5'-triphosphate.
Chemicals. Unlabelled deoxyribonucleoside triphosphates and DTT were purchased from Boehringer Mannheim. BSA was from Sigma.
[3H]dGTP (10.8 Ci/mmol) and [3H]dTTP (42 Ci/mmol) were from AmershamBucbler.
Nucleotide analogues. The details of the synthesis of the nucleoside analogues whose corresponding triphosphates were employed in this study have been described previously Cohen, 1966; G auri et al., 1969 ; Swierkowski & Shugar, 1969; Kuligowski & Shugar, 1974; Szabolcs et al., 1978) . Triphosphates were synthesized according to the method of Moffatt (1964) and Walter & Gauri (1975) . The purities of all analogue triphosphates were determined by Dr P. Kabus in our laboratory (Hamburg) using high-pressure liquid chromatographic techniques.
Preparation of activated DNA. Activated calf thymus DNA was prepared as described previously (Pedrali-Noy & Weissbach, 1977) .
Purification ofDNA polymerases. DNA polymerase fl was purified from HeLa cells by successive chromatography steps on DEAE-cellu[ose, CP-I I phosphocellulose, hydroxylapatite and finally on single-stranded DNAcellulose columns as described previously (Litman, 1968; Spadari et al., 1974) . The HSV-coded DNA polymerase was isolated from HeLa cells infected 6 h before with HSV-2 strain 75, and purified through the same steps as the cellular enzyme. The specific activity of both eluted polymerases was approximately 900 U/rag. One unit of DNA polymerase incorporates 1 nmol of total deoxyribonucleotide into acid-precipitable material in 60 min at 37 °C.
Assay ofDNA polymerases. HeLa cell DNA polymerase fl was assayed in 50 mi-Tris-HCl buffer pH 8.6, 100 mM-KC1, 10 mM-MgClz, 1 mM-DTT, 200 ~tg/ml BSA, 255 ~g/ml activated calf thymus DNA, t00 ~tM each of dATP, dCTP and dGTP and 50 ~M-dTTP. As 3H-labelled compounds either dGTP or dTTP were used at specific activities of 300 ct/min/pmol. The enzyme concentration was 2 U per 0.3 ml assay. The assay conditions used for the HSV-2-specified DNA polymerase were the same as previously employed by us for DNA polymerase coded for by HSV-1 (Kowalzick et al., 1982) , except that the specific activity of the labelled compounds, [3H]dGTP or [3H]dTTP, was increased to 1200 ct/min/pmol. The assay procedure was performed as published previously (Kowalzick et al., 1982) , except that DNA polymerase specified by HSV-2 was present at 0.15 U per 0.15 ml assay and 40 p.l aliquots were taken. In parallel, we assayed HSV-1 polymerase with this experimental protocol and found results similar to those previously published (Kowalzick et al., 1982) . Assays were modified by variation of the content of individual nucleoside triphosphates as indicated in the text below and in the figure legends. Significances of results were calculated following Student's t-test.
RESULTS

Kinetics of DNA synthesis in the absence and presence of nu¢leotide analogues
DNA synthesis was determined by incorporation of [3H]dGTP into acid-insoluble material.
[3H]dGTP (100 ~tM) was supplied together with optimal concentrations of dATP and dCTP (100 ~tM), In the absence of dTTP there is a background incorporation of [3H]dGTP into DNA, particularly when activated DNA is used as template Weissbach et al., 1971 ; Bollum, 1975; S5.gi et al., 1980) . Our values for the rate of DNA synthesis in the absence of dTTP are in good agreement with those reported previously for HeLa cell DNA polymerases and fl by Ruth & Cheng (1981) and for HSV-1 polymerase by Weissbach et al. (1973) . However, they are different from the values for HSV-1 and HSV-2 DNA polymerases reported by Ruth & Cheng (1981) . The ~-polymerase shows the lowest incorporation under this condition (Table 1) , probably due to its more processive mode of polymerization, whereas the fl-polymerase because of its distributive property incorporates twice as much dGTP in the absence of dTTP (Yamaguchi et at., 1980) . To evaluate the substrate efficiency of the dTTP analogues, the back- dATP, dCTP and [3H]dGTP were present at 100 ~tM each; dTTP was present at either 0 or 50 IXM. Each value is the average of 15 determinations. The assay conditions for the ~-polymerase and the HSV-l-induced enzyme have been published (Kowalzick et al., 1982) . The difference between the two viral enzymes is statistically significant (probability of error lower than 1 ~).
ground incorporation was set as 0 ~. Incorporation of [3H]dGTP in the presence of 50 ~tM-dTTP was set as 100~. The listed analogues were added to a concentration of 50 ~tM in the absence of dTTP, and DNA synthesis was determined.
Utilization of dTTP analogues by DNA polymerase fl
Addition of any of the studied dTTP analogues led to an increase in the rate of DNA synthesis by fl-polymerase as compared to that in the absence of dTTP, indicating that all the analogues serve as substrates for the ~-polymerase (Fig. 1) . With EtdUTP as substrate, incorporation of HSV-1 (H1) are included (Kowalzick et al., 1982) . The values are the average of 10 determinations comparable to those shown in Fig. 1 and 2 . Bars at the top of the columns show single standard deviation limits.
[3H]dGTP occurred at an average rate which was 86% of that in the presence of dTTP. An increase in the carbon chain length of the 5-alkyl substituent progressively decreased the rate of DNA synthesis. Thus, [3H]dGTP incorporation proceeded at a rate of 72 % with n-PrdUTP, and 31% with n-HxdUTP. An even lower rate of incorporation, 7%, was observed with iso-PrdUTP which has a branched substituent. Substitution of dTTP by F3-dTTP reduced the rate of DNA synthesis to 28 %. Ara-TTP substitution resulted in 28 % of the normal incorporation. Thus, Ara-TTP apparently also served as a substrate for the DNA polymerase fl from HeLa ceils. This is in contrast to the properties of several cellular and viral DNA polymerases studied previously (Matsukage et al., 1978; Falke et al., 1979; Kowalzick et al., 1982) which were inhibited by Ara-TTP.
Utilization of dTTP analogues by' HSV-2-specified DNA polymerase
Addition of 5-alkylated analogues or F3-dTTP to reaction mixtures containing HSV-2 polymerase caused a considerable increase in the rate of DNA synthesis as compared to that in the absence of dTTP, indicating that these compounds also serve as substrates and are incorporated into DNA by the HSV-2-specified polymerase (Fig. 2) . In the presence of EtdUTP, incorporation of [3H]dGTP proceeded at the same or at an even greater rate (average 105 %) than in the presence of dTTP. A further increase in the substituent chain length of the 5-alkylated analogues progressively diminished the rate of DNA synthesis : [3H]dGTP incorpora ~ tion reached a rate of 74% with n-PrdUTP, of 42% with n-HxdUTP and of 40% with isoPrdUTP, compared with that in the presence of dTTP. Substitution of dTTP by F3-dTTP reduced the increase in the rate of DNA synthesis to 67%. In contrast to the results obtained with the fl-polymerase, addition of Ara-TTP suppressed the rate of incorporation of [3H]dGTP into DNA by the viral enzyme considerably below the level obtained in the absence of a fourth nucleotide, indicating that Ara-TTP is more than a competitive inhibitor, since it blocks DNA synthesis in the absence of dTTP.
A comparison of the data obtained with DNA polymerase fl from HeLa cells with the HSV-2-specified DNA polymerase and with other cellular and viral DNA polymerases (Sfigi et al., 1980; Kowalzick et al., 1982) reveals that all 5-alkylated dUTP derivatives serve as better substrates for the enzymes specified by HSV-1 and HSV-2 than for polymerases c¢ and fl of the Table 2 . Table 2 . (Fig. 4 and 5 ).
host cell (HeLa) at the concentration studied (Fig. 3) . In these experiments, dTTP and all analogues were supplied at 50 p-M. In general, the difference in the rate of DNA synthesis in the presence of the alkylated analogues by the host and virus-induced enzymes increases with the length and branching of the alkyl side-chain. Both viral polymerases differed in their rates of DNA synthesis, when nHxdUTP and iso-PrdUTP replaced dTTP in the reaction mixture. The difference is significant for both analogues (with a probability of error lower than 0.1 ~). F3-dTTP does not show consistent properties when cellular and viral enzymes are compared. Finally, Ara-TTP serves as a substrate only for the fl-polymerase from HeLa cells, but is an efficient blocker for all the other enzymes studied so far (see above). The DNA polymerase induced by HSV-2 seems to be less sensitive to inhibition by Ara-TTP than the HSV-t-specified enzyme. Under our assay conditions, addition of Ara-TTP inhibited 229/oo of [3H]dGTP incorporation by the HSV-2 enzyme compared to 39~ by the HSV-1 enzyme (Kowalzick et al., 1982) . This difference is significant, with a probability of error less than 0.1 ~.
K m values for dTTP and Ki values for dTTP analogues offl-polymerase and HSV-2 polymerase
The Km values for dTTP were determined by using Lineweaver-Burk plots following measurement of [3H]dTTP incorporation into DNA at various substrate concentrations. The Ki values for the thymidylate analogues were determined from measurements of [3H]dTTP incorporation into DNA at various concentrations of dTTP and in the presence of a given concentration of the individual analogues. These Ki values should be identical with the Km values if the analogue serves as a substrate and the type of inhibition is purely competitive. The experiments shown in Fig. 4 and 5 were performed at concentrations of analogues of 2 ~tM to 50 ~LM with the HSV-2 enzyme (Fig. 5) or of 20 ~ti to 200 ~ti with the fl-polymerase (Fig. 4) . Our observed Km values ( Table 2) for dTTP of DNA polymerase fl (13 ~ti) and of HSV-2 polymerase (0.85 ~ti) are in the range of reported values (Bollum, 1975; Dube et al., 1979; Ostrander & Cheng, 1980) . A comparison of these Km values of dTTP with the apparent Ki values of the different thymidylate analogues studied reveals that they were of similar magnitude for the HSV-2-induced enzyme, except in the case of iso-PrdUTP where the enzyme showed a markedly lower affinity for iso-PrdUTP as compared to the natural substrate dTTP. In contrast, DNA polymerase fl showed a lower affinity for iso-PrdUTP, F3-dTTP and Ara-TTP than for dTTP. In general, the DNA polymerase specified by HSV-2 showed an affinity towards dTTP and the alkylated analogues 12-to 20-fold higher than the fl-polymerase, while the difference increased to 40-and 50-fold with F3-dTTP and Ara-TTP, respectively.
Substrate affinity and substrate usage are not necessarily always coordinate. Therefore, when the incorporation rates and K~ values of F3-dTTP and n-HxdUTP in the reaction with the flpolymerase are compared, a direct extrapolation from substrate affinity to incorporation efficiency is misleading. These apparently contradictory results are not so surprising if one considers that DNA synthesis is a multistep enzymic process and that substrate binding is not the sole rate-limiting factor. DISCUSSION Previous studies with several radioactively labelled and unlabelled analogues of dTTP revealed that they serve as substrates for HSV-1-induced and cellular DNA polymerases (Kelln & Warren, 1973; Hitzeman & Price, 1978; Yamada et al., 1978; Shgi et al., 1980; Koch et al., 1981 ; Bilel]o et al., 1981 ; Kowalzick et al., 1982) . The results of this study show that 5-alkylated analogues of dTTP are also utilized as substrates by the DNA polymerase induced by HSV-2 in HeLa cells and by the HeLa cell fl-polymerase. In general, the HSV-coded polymerases utilize all these analogues with higher efficiencies as substrates than do both DNA polymerases c~ and fl of the host cell. The substrate efficiency of dTTP analogues decreases with increasing length and branching of the 5-alkyl substituents. Since, under our conditions, the rate of incorporation of EtdUTP into DNA by both viral polymerases was at least twice that catalysed by the c~-polymerase of the host cell, the difference increases further, to fourfold with increasing length or branching of the alkyl side-chain. In contrast, the DNA polymerase fl of the host cell showed an only slightly lower incorporation of EtdUTP and n-PrdUTP than either viral enzyme, and the difference is greater only with n-HxdUTP and iso-PrdUTP (1 : 1.8 and 1 : 6.8, respectively when the fl-polymerase and the HSV-1-induced enzyme are compared). Thus, iso-PrdUTP seems to be the most suitable candidate of all the alkylated analogues tested for selective interference with viral DNA replication.
On the other hand, all these data on the utilization of nucleoside analogue triphosphates were obtained at a concentration of 50 ~tM, which allows comparison of different enzymes under conditions where they are saturated with almost all of the analogues, and which is in the concentration range in which anti-HSV drugs are usually supplied in vivo (Gauri, 1979; Gauri & Albrecht, 1979; Schw6bel et al., 1979) . However, in most cases an analogue triphosphate concentration of 50 ~tM will not be achieved inside treated cells. The differences in utilization, e.g. between the fl-polymerase and the HSV-2 enzyme, will be much greater at lower analogue triphosphate concentrations since, according to the Ki data (Fig. 4 and 5 ), the cellular polymerase shows an affinity for the analogues which is 12-to 50-fold lower than that of the HSV-2 polymerase. The data indicate that the selectivity in utilization of dTTP analogues by viral and host polymerases increases with a reduction of their intracellular concentration.
HSV-infected cells appear to become permeable to nucleoside triphosphates within 2 to 3 h after infection, whereas mock-infected cells remain impermeable . Therefore, the results of this study would permit specific interference with HSV-directed DNA synthesis in therapy of infections with either type of HSV by using the triphosphates of alkylated analogues. Even those analogues which are not phosphorylated by cellular or by viral thymidine kinases could be administered in their triphosphate form. This view is supported by the observation that certain nucleoside analogue monophosphates show a higher anti-HSV efficiency in experimental rabbit keratitis than the corresponding nucleosides (Gauri & Albrecht, 1979) . S~tgi et al. (1980) have described a comparative study of DNA synthesis by DNA polymerases and fl from calf thymus cells in the presence of alkylated analogues of dUTP. Our observations with the corresponding polymerases from HeLa cells differ quantitatively in some cases. These differences are most likely due to different enzyme sources, since similar results were obtained when we adopted the salt and analogue concentrations that Shgi et al. (1980) had employed. Both the HSV-1-and HSV-2-induced DNA polymerases had qualitatively identical incorporation rates with all analogues studied and only slight, but significant, quantitative differences were found. This is in accord with the data of other authors (Ostrander & Cheng, 1977 . The two enzymes show similar properties and probably only small differences in structure, F3-dTTP is a poor substrate for the DNA polymerase fl from HeLa cells, but is much more efficiently incorporated into DNA by the c~-polymerase from the same source as well as by the enzymes induced by HSV-1 and HSV-2. In contrast, the fl-polymerase is apparently able to incorporate Ara-TTP into DNA, whereas this compound is not a substrate but a blocker for DNA synthesis by polymerase ~ and by both viral enzymes. This observation might explain the observation of other authors, who detected incorporation of arabinosylthymine (Ara-T) into cellular DNA (Falke et al., 1979) . It is in a way surprising that the fl-polymerases incorporate several analogues into DNA with higher efficiency than the corresponding c~-polymerases, since these repair enzymes show higher fidelity in copying a base sequence with the natural deoxynucleoside triphosphates as substrates (Dube et al., 1979) .
